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In primates, the premotor cortex is involved in the sensory guidance of movement. Many neurons in ventral premotor cortex respond to visual stimuli in the space adjacent to the hand or arm. These visual receptive fields were found to move when the arm moved but not when the eye moved; that is, they are in arm-centered, not retinocentric, coordinates. Thus, they provide a representation of space near the body that may be useful for the visual control of reaching.
Premotor cortex is involved in the preparation and guidance of movement (1) . In monkeys, many premotor neurons are active when the animal moves. In ventral premotor cortex, neurons also respond to visual stimuli and may play a role in the visual guidance of movement. Most of these visual neurons also respond to tactile stimuli; they have tactile receptive fields (RFs) on the face or arms, and corresponding visual RFs extend outward from the tactile fields into the space surrounding the body ( Fig. 1) (2, 3) . The tactile RFs are somatotopically organized (4) , and therefore the corresponding visual RFs provide a map of the visual space near the body (5) . Al In the anesthetized preparation, 141 neurons were studied, of which 42% (n = 59) were somatosensory, 1% (n = 2) were visual, 27% (n = 38) were bimodal visualsomatosensory, and 30% (n = 42) were unresponsive to our stimuli. In the awake preparation, 211 neurons were studied, of which 36% (n = 75) were somatosensory, motor, or both (9); 8% (n = 17) were visual; 31% (n = 65) were bimodal; and 25% (n = 54) were unresponsive. Of the visual and bimodal cells, only nine showed any response during overt movements of the animal.
A typical example of a bimodal cell studied in the anesthetized preparation is shown in Fig. 1 that is, the visual RF was not retinocentric; rather, it was arm-centered.
In the awake preparation, we studied the effects of changing the position of both the animal's arm and gaze. trials while the arm was in one position and then moving the arm to a new position and running a second block. Figure 2 (bottom) shows the result for one neuron. This cell had a tactile RF on the contralateral arm. Labels A1, B,, and Cl show the visual response when the arm was fixed to the right. The cell gave a significant visual response only when the stimulus was presented on the far right, in position IV (P < 0.05, paired t test between prestimulus and stimulus period). The visual response remained at position IV, whether the eyes were looking to the left (as in A1), to the center (B,), or to the right (Cl). The arm was then bent toward the left, and the cell was retested. As shown in A2 for one eye position, the visual response moved with the arm. Because of the large size of the visual RF, the cell responded to both locations III and IV; however, the peak response was at location III, shifted to the left. The effect of arm position on the spatial location of the visual response was significant, but the effect of eye position was not (10): Thus, the visual RF was armcentered, not retinocentric.
Responses from a second neuron in the awake preparation are shown in Fig. 3 . Unlike the previous cell, this cell did not have a tactile RF on the arm; instead, it had a bilateral tactile RF on the eyebrow. The corresponding visual RF did not move when the arm moved; it also did not move when the eyes moved (11). This spatial invariance is particularly striking, because the fovea fell to the left of the RF when the monkey fixated light A and fell to the right of the RF when the monkey fixated light C. Although the location of the visual response was independent of eye position, the magnitude of the response was significantly greater when the eyes were deviated to the right (11). Similar modulation by gaze has been reported for other brain areas (6) .
In total, we tested 33 of the 82 visual and bimodal cells in the awake animal by varying the direction of gaze. Of these, 23 had somatosensory responses on the arm, 4 had somatosensory responses on the face, and 6 were purely visual. For These cells appear to measure the location of the stimulus with respect to the arm. This type of arm-centered coordinate system would be useful for hand-eye coordination, such as guiding the arm toward or away from visual targets, particularly because premotor cells that fire during arm movement are also programmed in arm-centered coordinates (13).
Premotor cortex contains a crude somatotopic map of the body (4). Although we have studied primarily the arm portion of the map, other portions of the map may have similar visuospatial properties. For example, bimodal cells with tactile responses on the face might have head-centered visual RFs, which would move as the head is rotated. Because these cells would measure the location of an object with respect to the head, they would be particularly useful for reaching with the mouth toward food or other animals.
Ventral premotor cortex is not the only brain area that appears to represent space through "body part-centered" coordinates. We have reported similar bimodal responses and arm-centered RFs in the putamen (14) . Premotor cortex projects directly to the putamen, and both receive a heavy input from bimodal regions of the posterior parietal lobe, especially from area 7b. These areas appear to form a system for the coding of near extrapersonal space and for guidance of movement within that space (3).
Other brain areas use a similar, body part-centered strategy. Neurons in the frontal eye fields, parietal area LIP (lateral intraparietal area), and the superior colliculus guide saccadic eye movements in retinocentric coordinates and have visual and auditory RFs that move as the eye moves (15, 16). Thus, a general principle of sensory motor control appears to be that the sensory stimulus is located in a coordinate frame centered on the relevant body part (3). Another general principle supported by our results is that space is encoded in different brain structures for different behavioral functions (16 Optical imaging with high spatial and temporal resolution of neural activity in rat cortical slices was used to investigate the dynamics of signal transmission through neural connections in the visual cortex. When inhibition due to y-aminobutyric acid was slightly suppressed, horizontal propagation of excitation in both the supra-and infragranular layers became prominent. This propagation was not affected by vertical cuts in either the supra-or infragranular layer, which suggests that excitation is at least partially conveyed horizontally by reciprocal vertical connections between neurons in these layers.
The integration of information from different parts of the visual field is an essential aspect of information processing. In the primary visual cortex (VC), horizontal connections extending along cortical layers and forming clustered terminals on distant but similar functional columns have been proposed to represent such integrations (1) (2) (3) (4) (5) Cortical excitation is thought to be limited by the y-aminobutyric acid (GABA)-mediated inhibitory mechanism, and the difference in the horizontal spread is probably due to the strength of the GABAmediated inhibition. In fact, the horizontal spread increased after addition of 1 ,uM bicuculline methiodide (BMI), a GABAA receptor antagonist (Fig. 1B) Fig. 1, A and B, at 24 ms), and no significant change SCIENCE * VOL. 266 * 11 NOVEMBER 1994 in the vertical propagation was observed, except for an increase in the signal intensity (Fig. 1, A and B, at 7.2 ms) . Thus, the excitatory connections underlying the horizontal propagation in the presence of BMI were probably the same as those in the control solution, at least within this lower range of BMI concentration.
One way to test whether the horizontal propagation is due to the horizontal clustered connections is to examine the effects of a vertical cut in parts of cortical layers. If this were the case, the cut in SGLs, for example, should disrupt propagation in SGLs but not in IGLs. Although the experiment is simple, the results may be doubtful, because a cut may have other effects on a slice. Thus, the effect of a cut on vertical propagation was examined by making a cut just above the stimulation electrode along a line of vertical propagation through layer I to layer IV (16) . We found that vertical propagation was separated on the left and right sides of the cut but the overall pattern of propagation was the same as in the control slice (17) (n = 4). This result suggests that a cut can be used to disrupt certain parts of neural connections without affecting other properties of slices. Figure 1C shows the effects of a vertical cut in SGLs on horizontal propagation. Contrary to expectation, in three out of four cases a vertical cut did not interrupt propagation in either SGLs or IGLs (Fig.  1C) . In the remaining case, propagation was interrupted in both SGLs and IGLs at the cut. For the former cases, we analyzed the propagation on an expanded time scale around the time when it passed through the cut (Fig. 2) . In all of these cases, the neural excitation in SGLs did not propagate directly through the cut in a horizontal direction, but reciprocal connections between SGLs and IGLs allowed horizontal propagation parallel to the lamina to bypass the cut (Fig. 2, 24 ms through 29.4 ms). These vertical propagations seemed to be essential to maintain horizontal propagation crossing over the cut in SGLs as well as in IGLs. As in the latter observation, when the upward vertical propagation from IGLs to SGLs was not evoked sufficiently, horizontal propagations in both layers were interrupted at the cut.
Similarly, when a vertical cut was made in IGLs, horizontal propagations in both IGLs and SGLs were not interrupted by the cut (Fig. 3) (n = 3) . The stimulation of WM evoked horizontal propagations in both the SGLs and IGLs up to the cut.
When the excitation reached the cut (Fig.  3, 36 ms) , it propagated vertically from the SGLs down to the IGLs, skipped over the cut (Fig. 3, 48 ms through 84 ms), and then continued to propagate horizontally in both the SGLs and IGLs (Fig. 3, 96 ms) .
